Female athletes suffer anterior cruciate ligament (ACL) injuries at a 2-to 10-fold greater rate than male athletes participating in the same high-risk sports. 3, 6, 14, 30, 31, 45 The combination of increased risk of injury and a 10-fold increase in the female sports population since the inception of Title IX, the US legislation that prohibited discrimination against anyone based on sex under any educational program or activity, has resulted in a dramatic increase in the number of ACL injuries in females. 31 Inappropriate levels of active joint stiffness, either insufficient or excessive, have been purported to be a potential neuromuscular risk factor that may at least partially explain the sex bias in ACL injuries. [19] [20] [21] Active joint stiffness is based on the formula of rotational stiffness (k 5 applied joint moment per angular displacement). This model takes advantage of the moment-angle relationship in which angular displacement is regulated by the external moment on the joint. Active joint stiffness is specifically calculated as the slope of the moment-angle curve. 32, 38 Active joint stiffness can be voluntarily controlled through muscular recruitment and may increase dynamic joint stability. 19, 20, 46 Cocontraction of the flexor (hamstrings) and extensor (quadriceps) muscles may protect the knee against high injury risk movement patterns such as excessive knee abduction motion and torque. 33 The knee flexor and extensor muscles are the most direct muscular knee joint stabilizers and are used during dynamic loading conditions to protect against an injury. 37 Strength and activation deficits of the hamstrings may limit the potential for muscular cocontraction to protect ligaments. Similar mechanisms apply to muscular protection against torsional loading, in which sex differences have been identified. 43 Decreased active stiffness in the leg and knee has been reported in females compared with that of males. 19, 25 Hamstra-Wright et al 22 examined leg stiffness during the drop vertical jump (DVJ) in prepubertal subjects and found no sex differences in their cohort. The effect of age on stiffness has been examined in a group of 6-year-old children compared with 18-year-old subjects. 29 As expected, increased stiffness at the ankle, knee, and hip was observed in the older group during countermovement vertical jumps. 29 This study, however, did not include females. In addition, the large gap in mean age of the subject groups in this study likely led to multiple developmental, social, and psychological factors that may have influenced the observed differences in these age groups. Increased active joint stiffness may result in improved performance and possibly reduce the risk of ACL injury. 2, 19, 20, 32, 38, 43 However, it is important to realize that either extreme (insufficient or excessive) magnitude of joint stiffness likely results in poor performance or increased risk of excessive joint load and, ultimately, increased risk of joint injury.
Identification of the relative changes in active joint stiffness between sexes following a year of maturation could help to elucidate a potential contributing factor to increased ACL injury risk in female athletes. The purpose of this investigation was to determine if the neuromuscular risk factors related to knee stiffness diverge between the sexes during the adolescent growth spurt. The first hypothesis tested was that during rapid adolescent growth, pubertal males would demonstrate increases in knee stiffness while pubertal females would not. The second hypothesis was that postpubertal females would have significantly lower knee joint stiffness compared with postpubertal males.
METHODS

Subjects
A nested cohort design (total sample female, n 5 709; total sample male, n 5 250) was used to select a subset of 315 subjects (female, n 5 265; male, n 5 50). Subjects (mean age 13.3 ± 1.5 years) were included if they had 2 consecutive years of testing and met the pubertal or postpubertal criteria described in the next paragraph. If the subject met the pubertal criteria during the first or second year of testing he or she was operationally defined as pubertal to include all subjects who were close to this maturational stage. Subjects were excluded from this study if they had a history of knee or ankle surgery.
Subjects classified as postpubertal had to meet the postpubertal criteria on the first year of testing. The subjects were classified as either pubertal (n 5 182) or postpubertal (n 5 133) at each visit based on the modified Pubertal Maturational Observational Scale (see online Appendix for this article at http://ajs.sagepub.com/supplemental/). 35 The Pubertal Maturational Observational Scale is a reliable instrument that combines a parental questionnaire and investigator observations to classify subjects into the pubertal categories. 9, 10, 23, 34 Age, height, and mass of the subjects for 2 consecutive years are presented in Table 1 . Each subject participated in the first testing session immediately before his or her basketball or soccer season. Two hundred sixty-one basketball players and 61 soccer players were included. The subjects were retested approximately 1 year after the initial testing session (mean, 365.7 ± 14.7 days).
The data collection procedures were approved by the institutional review board. Each parent or guardian reviewed and signed the institutional review boardapproved consent to participate form prior to data collection. Child assent was also obtained from each subject before study participation.
Procedures
Thirty-seven retroreflective markers were placed on each subject as previously described. 18 A static trial was collected in which the subject was instructed to stand still in the anatomical position with foot placement standardized. Three trials of the DVJ were collected. The DVJ consisted of the subject starting on top of a 31-cm box with the feet positioned 35 cm apart. The subjects were instructed to drop directly down off the box and immediately perform a maximum vertical jump, raising both arms as if they were jumping for a basketball rebound. 16 The DVJ trials were collected with EVaRT, version 4 (Motion Analysis Corporation, Santa Rosa, California) using a motion analysis system with 8 digital cameras (Eagle cameras, Motion Analysis CorporationA). The video data were collected at 240 Hz. The motion analysis system was calibrated based on manufacturer's recommendations. Two force platforms (AMTI, Watertown, Massachusetts) were embedded into the floor and positioned 8 cm apart so that each foot would contact a different platform during the stance phase of the DVJ. The force plate data were time-synchronized with the motion analysis system and collected at 1200 Hz.
Data Analysis
Three-dimensional (3D) marker trajectories were examined for accurate marker identification within EVaRT and exported to a coordinate 3D file format. The coordinate 3D files were then further analyzed in Visual3d (version 4.0, C-Motion, Inc, Germantown, Maryland). A pelvis and bilateral thigh, shank, and foot segments were created based on the reflective markers. The mass and inertial properties for each segment were based on sex-specific parameters from de Leva. 12 The subject's height and mass were included in each model. Custom MATLAB code (The MathWorks, Natick, Massachusetts) was used to batch process each subject through the Visual3D pipeline. The code generated a text file that the Visual3D pipeline engine could read and process the subject-specific model and kinematic and kinetic analyses. The 3D marker trajectories from each trial were filtered at a cutoff frequency of 12 Hz (low-pass fourth order Butterworth filter). The 3D knee joint angles were calculated according to the Cardan rotation sequence. 8 Kinematic data were combined with force data to calculate knee joint moments using inverse dynamics. 1, 41 The ground-reaction force was filtered through a low-pass fourth order Butterworth filter at a cutoff frequency of 12 Hz to minimize possible impact peak errors. 4, 39 Net external knee moments are described in this article and represent the external load on the joint. The kinematic and kinetic data were normalized to 101 points representing the stance phase of the DVJ. Data from initial contact (vertical groundreaction force first exceeded 10 N) to toeoff (vertical groundreaction force fell below 10 N) were operationally defined as the stance phase. The right side data were used for statistical analysis. Sagittal plane ankle, knee, and hip angle and moments were used to calculate joint stiffness parameters. 2, 38 Joint stiffness was modeled based on a rotational spring for each joint. Rotational spring plots (joint moment as a function of joint angle) were calculated for each trial within MATLAB. 11, 38 Stiffness was calculated as the slope of the moment-angle curve from a least squares linear regression during the stance phase. Figure 1 shows an example of the variables calculated from the linear regression. In addition, the linearity of the curve was evaluated with the coefficient of determination (r 2 ). 2 Ankle dorsiflexion and knee and hip flexion were represented as positive values for consistent moment-angle curves. Initial contact and peak flexion angles were calculated for the ankle, knee, and hip during the stance phase of the DVJ. Peak external flexion moments were also calculated during the DVJ stance. 
Statistical Analysis
Two between-group independent variables of sex (female, male) and maturation level (pubertal, postpubertal) in addition to the within-subject independent variable (repeated measure) of 2 consecutive-year screening sessions were used in the statistical design. The dependent variables were ankle, knee, and hip stiffness. A 2 3 2 3 2 analysis of variance (maturation, sex, session) was used to test each hypothesis. Post hoc analyses were used if significant interactions were found between factors. A level of a .05 was used to indicate statistical significance. Analyses were conducted using SPSS version 16.0 (SPSS Inc., Chicago, Illinois).
RESULTS
Longitudinal Comparisons
Active joint stiffness variables are presented in Table 2 . The coefficient of determination was high for all 3 joints.
The linear regression fit ranged from r 2 5 0.74 to 0.87. Ankle, knee, and hip stiffness longitudinally increased with maturation in both males and females (main effect of year, ankle P 5 .001, knee P 5 .043, hip P \ .001) (Figure 2 ). In addition, an interaction between year and maturation level was found at the ankle (P 5 .05) and hip (P 5 .006). Post hoc analyses indicated that the pubertal group had longitudinal increases in ankle and hip stiffness (P \ .001), while no similar change was present in postpubertal athletes (P . .05). A similar trend (year versus maturation interaction) with knee stiffness was noted (P 5 .085). When joint moments were normalized to body mass, the maturational group differences in joint stiffness between years were not observed (P . .05).
Ankle, knee, and hip kinematic and kinetic variables are presented in Table 3 . All subjects combined demonstrated significantly increased peak knee (P 5 .034) and hip (P 5 .015) flexion angles from the first to second year of testing. The magnitude of change was small in both male and female subjects (knee: female, 0.7°± 7.1°; male, 1.9°± 5.4°; hip: female, 1.9°± 7.9°; male, 1.7°± 7.4°). No other sagittal kinematic variables at initial contact or peak were different between testing years (P . .05).
Males showed increased ankle and hip peak moments from the first year of testing to the second compared with females (sex vs year interaction: ankle, P 5 .001; hip, P 5 .01) ( Table 3 ). There was no interaction of sex versus year with external knee flexion moment (P . .05). Both males and females demonstrated increased external knee flexion (net quadriceps) moments (main effect of year, P \ .001). Figure 2 presents the calculated stiffness comparison of postpubertal males and females. Statistical tests between sexes identified that males had greater active stiffness at the ankle, knee, and hip compared with females (P \ .001). However, when joint moments were normalized to body mass, knee stiffness was not different between sexes (total female, 0.029 ± 0.011 NÁm/kgÁdeg; total male, 0.031 ± 0.013 NÁm/kgÁdeg; P 5 .223). Body mass normalized ankle (total female, 0.023 ± 0.008 NÁm/kgÁdeg; total male, 0.028 ± 0.010 NÁm/kgÁdeg; P \ .001) and hip stiffness (total female, 0.033 ± 0.008 NÁm/kgÁdeg; total male, 0.046 ± 0.013 NÁm/ kgÁdeg; P \ .001) remained greater in males compared with females.
Sex and Puberty Group Differences
Overall, females landed at initial contact with less hip flexion than males (main effect of sex, P 5 .035). In addition, females had significantly increased peak ankle dorsiflexion (main effect of sex, P 5 .001) and knee flexion angle (main effect of sex, P 5 .001) than males (main effect of sex, P 5 .001). No interactions or differences in kinematic variables were found among maturational groups (P . .05).
A cross-sectional interaction between sex and maturation was found with body mass both normalized (P 5 .007) and nonnormalized (P 5 .001) hip stiffness as postpubertal males exhibited greater hip stiffness than the other groups ( Table 2) . Peak ankle and hip moments in postpubertal males were greater than postpubertal females (sex versus maturation interaction: ankle, P 5 .025; hip, P 5 .001) ( Table 3) . When normalized to body mass, males had greater ankle and hip moments, while no differences were found in knee moments ( Figure 3A) . The ratio of peak knee to peak hip external moment was different between males and females (P \ .001). Females showed greater external knee flexion (quadriceps driven) moment while males had more relative external hip flexion (gluteus maximus muscle driven) moments ( Figure 3B ).
DISCUSSION
Appropriate levels of active joint stiffness, neither insufficient nor excessive, have been theorized to be a possible regulatory mechanism for stabilization of the joint and control of movements that may place females at higher risk of injury. Joint stiffness calculations involve the resistance of a mechanical stretch by an applied force. 32 Knee flexor and extensor muscles are the most direct active knee joint stabilizers that may protect against an injury during dynamic loading conditions. 37 Maturing males and females both increased active knee stiffness during the DVJ over the span of a year. Therefore, the present findings did not support the hypothesis that females would not increase knee stiffness during a year of pubertal growth. However, ankle and hip active stiffness was significantly increased from the first year of testing to the second year in males, but not females. Only one previous study was found that investigated active joint stiffness differences between maturational groups. Joint stiffness was increased in older male subjects (18 years old) compared with children (6 years old) during a countermovement vertical jump. 29 In addition, Hamstra-Wright et al 22 examined leg stiffness during the DVJ in prepubertal subjects and found no sex differences.
The current study findings supported our hypothesis that knee stiffness would be lower in females than males. Similar to the previous work of Padua et al, 32 we found that females had significantly reduced stiffness compared with males. When normalized to body mass, however, sex differences in active knee stiffness were no longer significant. This was also similar to findings by Padua et al. 32 Changes to active joint stiffness can be accomplished, simplistically, through altering the joint moment magnitude and/or joint angular displacement. Although male and female athletes had similar normalized knee stiffness parameters, the maximum knee flexion angle was significantly greater in females than in males. There are conflicting results in the published literature of greater, equal, and less knee flexion angle occurring in females compared with males during landing. 7, 15, 24, 26 Increases in the normalized external net knee flexion moment may be responsible for the normalized stiffness parameters remaining similar in females. A quadriceps-dominant recruitment pattern was supported in females who used this strategy to modulate stiffness parameters compared with males during hopping. 32 Although we did not measure muscular activation patterns, a similar quadriceps-dominant pattern could be interpreted based on the relationship of external knee flexor to hip flexor moment. We observed a significantly higher ratio of external knee flexor moment (internal extensor/quadriceps) to external hip flexor moment Denotes statistically significant effect of year, P \ .05. c Denotes statistically significant effect of sex, P \ .05. d Denotes statistically significant effect of maturation, P \ .05. e Denotes statistically significant interaction of year and maturation, P \ .05. f Denotes statistically significant interaction of year and sex, P \ .05. g Denotes statistically significant interaction of sex and maturation, P \ .05.
(internal extensor/gluteus maximus) in females, while males were more balanced. Even when normalized to body mass, postpubertal males had significantly greater external hip flexor moments than females. It is particularly interesting that no sex differences were observed in external knee flexor (net quadriceps) moment. During the DVJ the knee extensors are used to resist the external flexion moment. Internal ankle and hip extensor moments are dominated by biarticular muscles that function as knee flexors. Two scenarios are likely to help interpret the absence of sex differences in knee flexion moment with greater ankle and hip moments in males: (1) females had increased knee extensor force or (2) males had increased knee flexor force. Therefore, even if males had larger overall knee extensor forces compared with females, the net moment could be equal based on cocontraction of knee antagonist muscles.
Adequate antagonist cocontraction (knee flexors) may balance quadriceps activation, compress the joint, and control high knee extension and abduction torques immediately after ground contact. 24, 33 Muscular cocontraction compresses the joint, partly because of the concavity of the medial tibial plateau, which may protect the ACL against anterior drawer. 27 Increased balance in strength and recruitment of the flexor relative to the extensor musculature may protect the ACL. 24 If hamstrings recruitment is high, the quadriceps can be activated to a greater extent while still allowing for a net flexor moment, and similar mechanisms apply to activation strategies to protect sex differences that have been identified in torsional loading. 43 Wojtys et al 43 reported that maximal internal transverse plane rotations of the tibia were greater in females than in males in both the passive and the active muscle state.
Females exhibited less muscular protection of the knee ligaments under internal rotation loading than did males. 43 Muscular activation patterns during landing have also shown an increased reliance on the quadriceps in female athltes. 44 During single-legged landing maneuvers, females increased quadriceps while decreasing gluteus maximus activity, compared with males. 44 The greater ankle and hip moments in postpubertal males likely explain the greater ankle and hip stiffness compared with females. Postpubertal males had significantly larger active ankle and hip stiffness compared with the other groups, in both body mass normalized and nonnormalized values. This may indicate that postpubertal males landed with a different neuromuscular strategy to control the landing and push-off phase of DVJ than the other groups. Increased internal hip extensor moments have been shown previously during the DVJ in males compared with females. 17 Decker et al 13 reported that during a drop landing males used more hip energy absorption compared with females. Females landed at initial contact with decreased hip flexion compared with males. This may play an important role in the mechanical efficiency of the hamstring muscles in relation to the quadriceps muscles. 36 For example, the trunk may be positioned over the knee more with increased hip flexion, which has been reported to increase activation of the hamstrings and decrease activation of the quadriceps compared with a posterior trunk position. 36, 40 Increased stiffness appears to be associated with increased performance. 2, 29 Vertical jump height increased with increased stiffness in males performing the DVJ. 2 However, there is likely an optimum level of stiffness for both performance and injury prevention. 5 Decreased Figure 3 . A, mean (standard deviation) normalized lower extremity joint moment. B, peak external knee to peak external hip moment ratio. b Denotes statistically significant effect of sex (P \ .05). f Denotes statistically significant interaction of sex and maturation (P \ .05).
stiffness may result in decreased performance, while overly stiff deceleration maneuvers may lead to excessive loading rates and possible injury. 5 The relationship between stiffness and performance should be investigated further in female and male athletic populations.
Our measure of active joint stiffness is actually quasi-stiffness, defined by Latash and Zatsiorsky 28(p657) as the '' . . . ability of the system to resist externally imposed displacements disregarding the time course of the displacement.'' A limitation of this simplistic model is that it ignores multiple components of the multijoint system (ie, viscosity, muscle reflex time delays, degrees of freedom, tendons, bones, and so forth). However, the torsional spring model appeared to be an appropriate representation of active joint stiffness during the DVJ, with high linear correlations of the moment-angle relationship throughout the stance phase. The correlations ranged from r 5 0.86 to r 5 0.93. These values are similar to those of Stefanyshyn and Nigg, 38 who found average ankle stiffness linear correlations of r 5 0.86 during running and r 5 0.93 for sprinting. During single-legged hopping at different frequencies, Granata et al 19 found correlations between vertical displacement and vertical ground-reaction force that ranged between r 5 0.92 and r 5 0.96. In addition, during drop jumps, ankle stiffness models have been reported with linear correlations of r 5 0.88 to r 5 0.99 and knee stiffness correlations between r 5 0.65 and r 5 0.93. 2 An additional related limitation of modeling active joint stiffness based on the spring-mass model is the use of external joint moments. Calculation of joint moments through inverse dynamics incorporates the net forces that act about the joint. 42 Net joint moments are not indicative of which muscles are active or the magnitude of individual muscle forces generated at any specific point in time. Unfortunately, without sophisticated modeling of muscle forces, or possibly via difficult electromyographic methods, one is unable to fully interpret the isolated net external knee flexion moment. Therefore, cautious interpretation of the joint moment relative to the actual muscle forces is necessary.
SUMMARY AND CONCLUSION
Males and females both showed increased active knee stiffness during the span of a year, while males demonstrated increased ankle and hip active stiffness as well. Males had greater magnitudes of ankle and hip stiffness throughout adolescent growth compared with females. Follow-up studies should incorporate prepubertal athletes into the analyses to identify if sex differences exist before peak height velocity.
When joint stiffness variables were normalized to body mass, there were no longitudinal differences between testing years. This indicates that progressive increases in body mass during adolescence may play a role in active joint stiffness. Despite the longitudinal changes in nonnormalized stiffness observed in females, postpubertal males exhibited greater hip stiffness than postpubertal females. Sex differences in hip joint posture at initial contact (greater flexion in males) and external hip flexion moment (greater flexion magnitude in males) may indicate that males use a different hip strategy during DVJs compared with females. The effect of a hip-focused intervention, and the relationship that active joint stiffness has on altered movement patterns, should be further explored in adolescent females and males.
